Abstract This is the first report of low-dose glyphosate selection causing a shift towards paraquat resistance. Herbicide resistance in weed species is a serious threat to world agriculture. We report rapid resistance evolution in the genetically variable cross-pollinated grass weed Lolium rigidum when recurrently selected with low doses. Results show that an herbicide-susceptible L. rigidum population selected over three generations with below-label doses of glyphosate exhibited not only glyphosate resistance evolution but also a progressive and concomitant shift in sensitivity to the structurally unrelated herbicide paraquat. Thus, reduced paraquat sensitivity was a consequence of recurrent selection with glyphosate at low doses. In the three-time glyphosate-selected progeny, the estimated paraquat dose to cause 50% mortality (LD 50 ) was 4-fold greater than for the unselected susceptible parent. Studying the evolutionary outcomes of below-label herbicide dose selection can help prevent genetic changes in weed populations and sustain the efficacy of herbicides widely used in world agriculture.
Introduction
In modern agro-systems crop productivity losses due to pests are significant and crop protection with pesticides remains essential (Oerke 2006) . Despite their success, the persistent use of fungicides, insecticides, herbicides, as well as antimicrobials has often resulted in resistance evolution in pathogens, pest insects, and weeds (Palumbi 2001) .
For more than 35 years, the very dissimilar herbicides glyphosate and paraquat have been used globally. Both herbicides provide non-selective, broad-spectrum weed control and can often be used interchangeably. Glyphosate inhibits the activity of 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS, EC 2.5.1.19) in the shikimate pathway in plants, thus preventing the synthesis of aromatic amino acids and secondary metabolites (Shaner 2009 ). Paraquat targets photosystem I in the chloroplast and induces production of superoxide radicals, causing membrane damage, leaf desiccation, and subsequent rapid plant death (Preston 1994) . In the last few years, reliance on glyphosate as a principal tool for weed control in transgenic glyphosate-resistant crops has resulted in the evolution of several glyphosate-resistant weed species and changes in weed flora composition (Owen 2008; Powles 2008) . Similarly, several weed species have evolved paraquat resistance, although it is confined to small areas (Preston 1994; Heap 2010) . Glyphosate resistance can be endowed by individual plants possessing one or more of at least four different glyphosate resistance mechanisms (reviewed by Shaner 2009; Powles and Yu 2010) . Studies on evolved non-target-site glyphosate-or paraquat-resistant weed species such as Conyza spp., Lolium spp., and Hordeum spp. have established that single major genes are responsible for conferring resistance (Purba et al. 1993; Lorraine-Colwill et al. 2001; Zelaya et al. 2004; Yu et al. 2009 ). However, inheritance studies with glyphosate-or paraquat-resistant biotypes of Lolium rigidum Gaud. suggest that other minor genes may have contributed to the observed higher-than-expected plant survival at low herbicide doses in back-crosses or F2 families (Lorraine-Colwill et al. 2001; Yu et al. 2009 ). In L. rigidum, non-target-site resistance to glyphosate or paraquat can be endowed by independent mechanisms manifest as reduced glyphosate or paraquat translocation (Yu et al. 2007 ). However, for both herbicides, the precise biochemical and molecular basis of non-target-site resistance mechanism(s) remains unclear (Shaaltiel and Gressel 1986; Preston 1994; Yasuor et al. 2008; Shaner 2009) .
A glyphosate-susceptible L. rigidum population evolved moderate glyphosate resistance when selected with belowlabel glyphosate doses for three consecutive generations (Busi and Powles 2009 ). Here, we report that reduced paraquat sensitivity concomitantly evolved in the same glyphosate-selected progeny.
Materials and methods

Plant material
A L. rigidum parent population (biotype VLR1), susceptible to all herbicides registered for L. rigidum control, was selected with low glyphosate doses over three to four consecutive generations in two distinct environments (controlled vs. outdoors), resulting in moderate glyphosate resistance evolution (Busi and Powles 2009 ). These populations were used in this study. They were numbered according to their generation and designated "a" if selected under controlled conditions, and "b", "c", or "d" if selected outdoors simulating field conditions at 150, 250, or 350 g glyphosate ha ) with a photoperiod of 16 h (light phase coinciding with the warm phase). Growing conditions, populations, and glyphosate selection were described (Busi and Powles 2009 ); and 0, 6, 13, 25, and 50 g paraquat ha −1 (label rate 200 g ha
). Plant survival and aboveground fresh biomass were assessed 15 days after herbicide application. Survivors were identified as plants able to grow vigorously after biomass assessment. For each herbicide dose, there were three replicates (15 plants per pot) in a completely randomized design. The pot represented the experimental unit and plant weights of all 15 plants pooled. The paraquat dose-response study was repeated in time (Table 1) . Dose-response data from repeated experiments were analyzed by a lack-of-fit F test and found significantly different (P<0.05). Thus, data sets were kept separate in subsequent non-linear regression analysis.
Neve and subjected the same herbicide susceptible VLR1 population to recurrent low-dose diclofopmethyl selection and reported high-level diclofop-methyl resistance evolution (progeny VLR1 01 05 10). These plants were evaluated at a range of glyphosate (0, 75, 150, 250, 350 , and 450 g glyphosate ha
; label rate 450 g ha
) or paraquat doses (0, 6, 13, 25, and 50 g paraquat ha
) to assess whether unspecific low-dose herbicide selection per se with another herbicide mode of action was decreasing the sensitivity to glyphosate and paraquat as observed in progeny 4a.
Paraquat sensitivity of the glyphosate-selected populations grown outdoors
Experiments were conducted during the normal southern Australian winter growing season (May-August), with plants grown outdoors to closely simulate field conditions (Busi and Powles 2009 ). The mean photoperiod was 11 h with 700 μmol quanta m −2 s −1 (daily mean) and mean temperatures were 21/ 16°C (day/night). The herbicide susceptible parent population VLR1 was subjected to low-dose glyphosate selection and surviving plants were recurrently selected for three consecutive generations (Busi and Powles 2009 ). In 2008, bioassays were conducted on field-selected plants to investigate whether recurrent selection at low doses of glyphosate in field conditions had altered their paraquat sensitivity (Table 1) . Two-leaf stage seedlings were treated with 0, 6, 13, 25, or 50 g paraquat ha
, and survival and aboveground fresh biomass were assessed 15 days after herbicide treatment. For each herbicide dose, there were three replicates (15 plants per pot) in a completely randomized design. The pot represented the experimental unit and plant weights of all 15 plants pooled. The experiment was repeated in time. Data from repeated experiments were pooled for subsequent non-linear regression analysis following a lack-of-fit F test (P>0.05).
Statistics applied to dose-response studies
Plant survival and relative biomass data were transformed and expressed as percentages as described by Knezevic et al. (2007) . Data sets from repeated experiments were fitted to a non-linear logistic model with SigmaPlot 2001 version 7.0 and analyzed by ANOVA F test to assess whether the independent variable could be used to predict the dependent variable and the non-linear model provided acceptable description of the data for P<0.05. Regression assumptions were held under square root data transformation (i.e., BoxCox transformation lambda λ=0.5). The herbicide doses causing 50% plant mortality (LD 50 ) or growth reduction as fresh aboveground biomass (GR 50 ) in the selected and unselected populations at each generation were estimated by using the non-linear logistic model:
Y denotes the plant survival or fresh biomass expressed as a percentage of the untreated control; d and c are upper and lower asymptotic values of Y, respectively; b is the slope of the curve; G is the herbicide dose at the point of inflection halfway between the upper and the lower asymptotes, and x is the herbicide dose. The response to selection and the subsequent shift in herbicide sensitivity for the different selected progenies was measured as the R/S (resistant/ susceptible) ratio of estimated LD 50 or GR 50 values. Statistical differences between unselected parent and selected progenies were assessed by a lack-of-fit F test applied to data sets fitted with the above non-linear logistic model.
Results and discussion
Herbicide sensitivity profile in controlled environment-grown plants
The glyphosate-resistant plants resulting from four cycles of glyphosate selection at low doses (progeny 4a), and the susceptible parent VLR1 population were evaluated across a range of glyphosate or paraquat doses. Along with the shift to glyphosate resistance, a concomitant, clear and significant shift to reduced paraquat sensitivity was evident (by assessing both plant survival and biomass in two different experiments) in progeny 4a ( Fig. 1; Table 1 ). Temperature is a major factor affecting the plant response to paraquat (Preston et al. 2005; Purba et al. 1995; Yu et al. 2004) . Similarly here, we observed higher paraquat efficacy and greater differential sensitivity to paraquat between the unselected parental and glyphosate-selected plants grown at lower temperature (Table 1) .
The observed change in paraquat sensitivity is the result of low-dose glyphosate selection and is not caused by low-dose herbicide selection per se. The response of the same parental VLR1 population and the progeny subjected to three cycles of recurrent selection at low doses of diclofop-methyl (progeny VLR1 01 05 10; Neve and Powles 2005) was evaluated with a range of both paraquat and glyphosate doses. This progeny (VLR1 01 05 10) is resistant to diclofop-methyl, but remained equally and fully susceptible to paraquat or glyphosate (P>0.162; Fig. 2 ). The responses of four-time glyphosate-selected progeny 4a and the unselected parent VLR1 showed no difference in sensitivity to a range of doses of three other herbicides with different modes of action (atrazine, chlorsulfuron, and diclofop-methyl; data not shown), thus establishing that it was only paraquat sensitivity that was associated with glyphosate resistance 3.2 Paraquat reduced sensitivity of outdoor field-grown plants Dose-response studies with the one-, two-, and three-time glyphosate-selected progenies, produced from the suscepti- respectively (see also Busi and Powles 2009) . Generation 2b was not tested in the final dose-response study for insufficient seed production b Lack-of-fit F test for statistical difference between the each selected progeny "b", "c", and "d" and unselected parent VLR1 c Fresh aboveground biomass d Herbicide doses causing 50% plant mortality e Resistant/susceptible ratio ble parent VLR1 population in simulated field conditions, demonstrated the same glyphosate resistance evolution and concomitant shift in paraquat sensitivity as evident in the controlled environment grown progeny 4a (Table 2) . At each of the three generations of recurrent glyphosate selection, the shift in glyphosate resistance was mirrored by a concomitant shift towards reduced paraquat sensitivity ( Fig. 3 ; Table 2 ). Plant survival at a low paraquat dose (25 g ha −1 ) was 2.5% in the unselected parent population VLR1 but increased to 76% survival in the three-time glyphosate-selected progeny 3d (Fig. 3f) . It is emphasized that the unselected susceptible parent population VLR1 was included in each experiment to indicate the environmental variability that is known to influence paraquat doseresponse studies and compare the phenotypic responses of the glyphosate-selected progenies. The greatest shift in reduced paraquat sensitivity was evident in progeny from the most intense glyphosate selections, progeny 3c and 3d (Table 2) . Similarly, the maximum glyphosate resistance levels were observed in the progenies selected at the highest glyphosate doses (250 and 350 g ha −1 ), respectively (Busi and Powles 2009) . In a separate outdoor experiment, we also observed a very low frequency of plants (1%) from the original population VLR1 surviving paraquat at the recommended field dose (200 g ha −1 ), whereas the glyphosate-selected progeny 3c and 3d displayed up to 15% plant survival (data not shown). By contrast, the populations recurrently selected at 150 g glyphosate ha −1 (1b, 3b) did not display significantly reduced paraquat sensitivity (P>0.090; Fig. 3 ; Table 2 ). Consistently, there was good correlation between survival and biomass ( Table 2) . A substantial population shift was evident by comparing the unselected parent VLR1 to the outdoor-selected progenies with a three-fold decrease in paraquat sensitivity, expressed as the R/S ratio of LD 50 and GR 50 values by the third generation (Table 2) . By analysis of plant survival dose-response curves and R/S ratios, it is clear that the . 
was fitted to data. Figure 3a , b, c from Busi and Powles 2009 observed shift was well beyond the expected baseline variation for herbicide sensitivity to paraquat in unselected populations of L. rigidum or other species (Yu et al. 2004; Preston et al. 2005; Yu et al. 2007) . Selection experiments repeated in time and place by conducting one experiment under controlled growth room conductions and one in field conditions showed the same evolution of glyphosate resistance and concomitant reduced paraquat sensitivity (Tables 1 and 2 ). Thus, genetic variability for reduced sensitivity to any particular herbicide can be rapidly selected within small populations of cross-pollinated species to result in population shifts towards higher levels of resistance (Neve and Powles 2005; Norsworthy et al. 2008) . The same phenomenon can equally occur under controlled and commercial field conditions. For example, a L. rigidum population repeatedly selected at below-label herbicide rates under normal Australian farming conditions rapidly evolved resistance to different herbicide modes of action (Manalil et al. 2010) . Similarly, in another species [Echinochloa phyllopogon (Stapf) Kossenko], a moderate level of cross-resistance to paraquat was indirectly selected by secondary photooxidative stresses caused by clomazone field applications (Yasuor et al. 2008 ).
3.3 Potential mechanistic basis of reduced sensitivity to glyphosate and paraquat Glyphosate and paraquat are very different herbicides in their structural and chemical properties, mode of action (herbicide targets), and movement within plants. Glypyhosate resistance due to a single gene-endowed mechanism evident as reduced glyphosate translocation is well documented (reviewed by Powles and Preston 2006; Preston and Wakelin 2008; Shaner 2009; Powles and Yu 2010) . Paraquat resistance due to a single gene-endowed mechanism evident as reduced paraquat translocation resistance is also well known (reviewed by Preston 1994) . It is emphasized that these paraquat and glyphosate reduced translocation resistance mechanisms are completely independent and do not endow cross-resistance. Both of these genes can be present in the same individuals (Yu et al. 2007) .
In this study, L. rigidum was selected only with glyphosate, and this led to concomitant reduced sensitivity to paraquat. Therefore, there must be a common mechanistic basis. One possibility is a tonoplast transporter(s) able to recognize both glyphosate and paraquat and sequester them in the vacuole (Ge et al. 2010; Yu et al. 2010) . ABC transporters can be responsible for sequestration of toxic products such as herbicide metabolites and secondary products (Yuan et al. 2007; Ge et al. 2010 ). Thus, a gene super-family such as ABC transporters could be involved. However, other possibilities exist and need to be examined.
Conclusions
This is the first report that the selection of glyphosate resistance can be associated with concomitant reduced sensitivity to the completely different herbicide paraquat. The mechanistic basis of the observed reduced sensitivity to both glyphosate and paraquat remains to be determined and warrants future research, as these two globally-used herbicides are vital to world food production.
